The discovery of microbial life beneath the surface of the continents and the seabed has shown that a large proportion of all the bacteria and archaea on Earth live in the deep biosphere 1 and that the energy supply for microbial life that is present in this environment spans many orders of magnitude. Even though so many microorganisms reside in the deep biosphere -about 3 × 10 29 cells according to the most recent census 2 -the energy flux available from buried organic carbon is less than 1% of the photosynthetically fixed carbon on the surface of our planet 1 . These microorganisms generally have no cultivated relatives, and their biochemistry and physiology are largely unknown. One of the greatest enigmas, however, is how these vast communities can subsist in conditions that provide only marginal energy for cell growth and division and seem to barely support the maintenance of basic cellular functions.
The phases of life in batch culture. Populations in batch culture transition through lag phase, exponential phase, stationary phase, death phase and extended stationary phase (FIG. 1) . The most heavily studied aspects of the microbial life cycle are the growth (exponential) and stationary phases. Growth phase is characterized by cells operating at rates near the maximum allowed by their enzyme kinetics (growing in exponential fashion) and dividing with a time constant that is determined by the physiology of the organisms concerned and the growth conditions. Compilations across a broad range of cultured taxa [3] [4] [5] [6] [7] show maximum growth rates that generally cluster within a two orders of magnitude range, from less than 1 d −1 to more than 30 d −1
. At the high end of this range, populations double in less than 30 minutes, and for the discussion that follows it is useful to recall that a typical culture of Escherichia coli has a doubling time of about 20 minutes and transitions through the lagtodeath batch culture life cycle within about 3 days 8 . Following stationary phase, most of the popula tion -typically 99% or more in batch cultures of E. coli Nature Reviews | Microbiology -becomes nonviable 8 . The onset and extent of cell death within a given species is reproducible 9, 10 , but the mechanisms responsible are not well understood. Finkel 8 suggests two possibilities. Cell death might simply result from exhaustion of resources and consequent inability to support a highdensity population, or by accumulation of inhibitory substances; the energy and nutrients provided by the death and lysis of a fraction of the cells can then support the remaining viable fraction. Alternatively, cell death could be a programmed response that is induced by the sensing of high cell density and resource limitation, with subsequent sensing of newly sustainable conditions following the death of most of the population inducing the survivors to exit the programmed death pathway. The cause and rate of cell death are crucially important in the context of lowenergy environments because the energy required to support a steadystate population varies dramatically depending on the level of cell turn over within that population. Biosynthesis is energetically costly. The need to constantly resynthesize whole cells (as opposed to coping with molecular attrition within a cell) would greatly increase the effective percell energy needed to support a steadystate population and might exclude many lowenergy environments from habitation. Importantly, from this perspective, both of the mecha nisms envisioned to initiate cell death relate to high population densities and resources that can be rapidly depleted 8 . In both mechanisms, but particularly the second, batch culture conditions are not representative of the conditions found in lowenergy environments. Thus it is not clear whether, or to what extent, the death that occurs in batch cultures is part of microbial life under low energy flux. The small fraction of cells that survive through the death phase (which, even at a 99% attrition rate, can still comprise cell densities of 10 6 -10 7 ml −1 ) has been shown to persist for months or years without further addition of substrate, forming what has been referred to as an extended stationary phase 8, 10, 11 . Among the states repre sented in batch culture, extended stationary phase would seem the most relevant for understanding life in low energy environments, but it must be borne in mind that there are key differences in the nature of energy provision and the relevant timescales and thus, potentially, also in the prevailing physiological states. Extended stationary phase in E. coli is characterized by the rapid emergence of at least four distinct mutations that enhance the abil ity to catabolize amino acids [12] [13] [14] -that is, to subsist on the remains of dead predecessors -and thereby confer a growth advantage relative to wildtype cells or even earlier generations of survivors 9, 10 . The emergence and succession of these growth advantage in stationary phase (GASP) mutants drives population turnover that occurs on monthly or shorter timescales and that can persist for more than a year 10, 15 . Such dynamic overturn in the pop ulation (with relatively high rates of growth replacing cell attrition) reflects an energyintensive state that is driven by the initial availability of 100-1,000 dead cells' worth of energy for each survivor of death phase. Because it seems unlikely that such dynamism could be supported over the much longer timescales that are characteristic of sustained microbial activity in natural settings 16 , caution is warranted in considering even the extended stationary phase as a model for life in lowenergy settings.
Energy partitioning: Y ATP , growth and maintenance. The energy yield of substrate catabolism is partitioned among various cellular functions, including both those that are related to and those that are not related to growth [17] [18] [19] . The demonstration that energy is diverted to processes other than growth is well illustrated by the growth yield parameter Y ATP 20 . Equating growth to the catabolic yield of ATP, rather than to substrate consumption, facilitates direct comparison of growth yield across different taxa and substrates 18, 20 , and permits theoretical estimates of the biomass yield if ATP were used exclusively for growth 21 . The many determinations of Y ATP in cultures have demonstrated that the true yield almost always falls significantly short of the theoretical maximum (in E. coli, Y ATP is about onethird of theo retical maximum 21 ), meaning that a substantive fraction of energy is diverted to functions other than growth 22 . Reported values for Y ATP vary by fivefold across different organisms and growth conditions 21, 23 , indicating that the amount of energy diverted to nongrowth functions is highly variable. Some of the energy diverted away from growth can be understood as 'maintenance energy' -the flux of energy needed to sustain a steadystate population of cells without net growth 24, 25 
. 70, 71 ; (f) 5,000 years: Aarhus Bay sediments at 3 mbsf (metres below sea floor) 70, 71 ; (g) 2 million years: Peru margin sediments at 100 mbsf 65 ; (h) 86 million years: North Pacific Gyre sediments at 30 mbsf 16 . The majority of our knowledge about microbial physiology derives from the region approximated by a, whereas a large proportion of bacteria and archaea on Earth live in circumstances approximated by e-h.
Box 1 | Maintenance energy
Nature Reviews | Microbiology The advent of continuous culture (chemostat) tech niques provided a standard methodology for determin ing maintenance energy 26, 27 . Tijhuis and colleagues compiled more than 80 chemostatbased determinations of maintenance energy to develop a biomassspecific Gibbs energy consumption term 28 . The compiled values ranged from 2.2 to 365 kJ C mol biomass −1 h −1 with a suggested exponential (Arrheniuslike) dependence on temperature. In the cellspecific units utilized below (and assuming 1 C mol biomass = 24.6 g dry biomass and an average dry cell mass of 10 −13 g), the derived cor relation predicts a maintenance energy for anaerobes at 25 °C of 3.3 × 10 −13 kJ cell
. For perspective, the pre dicted maintenance energy for anaerobes at human body temperature of 37˚C, 9.7 kJ C mol biomass − Van Bodegom defines eight distinct categories of non-growth functions to which energy can be diverted, and which are included in empirical determinations of maintenance energy 19 : shifts in metabolic pathways, energy spilling reactions, cell motility, changes in stored polymeric carbon, osmoregulation, extracellular losses of compounds not involved in osmoregulation, proofreading, synthesis and turnover of macromolecular compounds such as enzymes and RNA, and defence against O 2 stress. It is clear that these vary in relative importance depending on the organism in question, its environment and its metabolic rate, and that several factors that are large contributors at high metabolic rate are not requirements for minimal maintenance.
Most empirical determinations of maintenance energy have been made in chemostats, in which continuous flow of medium supplies substrate at a constant rate and likewise dilutes the microbial population at a constant rate [24] [25] [26] 123 . Part a of the figure shows a simplified schematic of a chemostat. The experimenter varies the dilution rate (medium inflow rate divided by total volume of medium), which at steady state equals the growth rate, μ, and observes the concentration of substrate in the effluent (to determine substrate consumption rate) and the standing biomass within the culture at steady state.
New cell growth balances cell removal, with a resulting steady-state population size that is dependent on energy flux. Operationally, population sizes are measured across a range of dilution rates, and maintenance energies are determined by extrapolating the results to a hypothetical zero-dilution (zero growth) condition 18, 124 . Part b of the figure shows a Tempest-type plot for estimating the maintenance coefficient, m, based on the relationship q = μ/Y G + m. Here, μ, the growth rate (in units of inverse time), is equal to the experimentally varied dilution rate; and q, the specific energy consumption rate (in units of, for example, mol substrate g biomass
), is calculated from the observed rate of substrate depletion and the steady state biomass or population size. The slope of the plot gives the inverse of the growth yield, Y G , and the intercept (extrapolation to a hypothetical zero growth condition), gives the maintenance coefficient, m.
The ability to achieve very low growth rates is limited in practice, because dilution rates <0.05 h −1 (corresponding to a population doubling time of approximately 14 hours) can result in heterogeneity of the population and/or the conditions within the chemostat 125 . Thus, it should be borne in mind that chemostat-based observations always reflect a physiological state of active growth at metabolic rates that are much higher than those in energy-starved natural populations. Continued development of culture methodology might help to address these limitations. 'Retentostats' seek to maintain a true zero-growth condition by retaining biomass using filter elements 32, 38, 39 , and microfluidic chemostats 36, 37 do the same by supplying substrates via diffusion through chamber walls that are impassable to cells -promising steps towards accessing the physiological states that are relevant for understanding life in energy-starved environments.
Basal power requirement
Energy turnover rate per cell or per unit biomass associated with the minimal complement of functions required to sustain a metabolically active state of the cell.
Mean cell-specific metabolic rates
Estimate of average cellular metabolic rate among a whole community of cells obtained by measurement of bulk metabolic process rates and cell numbers.
Primary productivity
The formation of living organic biomass from carbon dioxide through the process of photosynthesis or chemosynthesis.
Reaction-transport modelling
Calculation of metabolic process rates based on steady-state concentrationdepth profiles and calculated metabolite fluxes.
Power law
A mathematical relationship between two quantities describing how one quantity, c, varies as a power of another quantity, z: for example, c = A × z −b , in which c could be cell density, z sediment depth (z>>0), and A and b constants.
water weight). The fact that the chemostatbased main tenance value is 26fold higher than that for humans -who could hardly be envisioned as functioning near the minimal limits of required energy intake -empha sizes the need for caution in applying such values too literally to the question of life in lowenergy environ ments. Indeed, Morita 29, 30 has suggested that mainte nance energy requirements in natural settings can be 3-6 orders of magnitude lower, and a few chemostat and 'retentostat' studies 31, 32 have yielded values that are 2-3 orders of magnitude lower than those seen in the Tijhuis compilation.
In considering chemostatbased estimates of mainte nance energy, it should be borne in mind that 'main tenance' is operationally defined as any energy not devoted to growth 19, 24, 25 , but this can comprise energy 'wasted' in spilling reactions [33] [34] [35] and energy spent in 'use ful' functions (for example, motility) that might become superfluous in highly energylimited conditions 19 . To dis tinguish from this operational definition and the added energy costs it may comprise, we suggest the term basal power requirement to describe the energy flux associated with the minimal complement of functions required to sustain a metabolically active state. One challenge facing researchers in this area is the development of culture based approaches in which basal power requirements can be quantified; efforts to modify continuous culture methodology for this specific purpose 32, [36] [37] [38] [39] and to bring microorganisms from lowenergy natural settings into continuous culture 40, 41 both hold promise in this regard. Importantly, however, although the state of basal main tenance might be elusive in culture, in nature it is prob ably expressed as the norm in lowenergy communities. Here, the challenge is to accurately characterize the physiological states and identity of cells, along with the often extremely low process rates and cell numbers that are key to quantifying basal power requirements in the environment.
Energy metabolism in the environment
Measuring mean cell-specific metabolic rates. What are the maintenance states in energylimited environments? The published data on the mean cell-specific metabolic rates of natural microbial communities, particularly the extremely low rates calculated for deep subsurface environments, are variable and often highly uncertain. One of the early problems in accurately characterizing deep communities -the retrieval of undisturbed and uncontaminated samples -can now be solved to a large extent by modern drilling and coring techniques
. However, many additional challenges remain. The determination of mean cellspecific rates requires that bulk volumetric process rates and cell numbers be quantified in parallel, a criterion that has not often been met. Where it has been met, it is important to criti cally evaluate these results in light of the capabilities and limitations of the methods used to measure these parameters.
Whitman et al.
1
, who made the first bold extrapolation of bacterial and archaeal cell numbers to global biomass estimates, also estimated the average turnover time of bacterial and archaeal biomass. They assumed that about 1% of total net primary productivity reaches the subsurface and that the efficiency of cellular carbon assimilation is 0.2. This implies that the mean turn over time of bacterial and archaeal biomass, and thus the mean generation time of bacterial and archaeal cells, is 1,000 years. From this surprisingly long generation time the authors concluded that most cells were probably inactive or even nonviable.
Parkes et al. 42 used incubation experiments with 35 Slabelled sulphate to measure the rate of respiratory sulphate reduction in an ODP core from the continental shelf off Peru. They found peak rates of 0.46 nmol SO 4 2 . If it is assumed that onetenth of the cells were sulphate reducers with a carbon assimilation efficiency of 2 g cell C mol −1 substrate, then the mean rate of cellspecific carbon metabolism (calculated by dividing the rate of sulphate reduction per cm 3 by the number of sulphate reducers per cm 3 ) was 4 × 10 −4 fmol SO 4 2− cell −1 d −1 and the mean cell turnover was 30 years. Compared to more recent studies of sulphate reduction rates at similar sedi ment depth this rate is very high and might reflect the fact that experimental measurements of the sulphate reduction rate in deeper sediments tend to overestimate the in situ rate.
Rates of metabolism in natural systems can be quan tified by directly measuring chemical transformation or by reaction-transport modelling. Incubations that track the turnover of radiolabelled substrates can be used to determine the rates of various processes 43, 44 , but prac tical detection limits restrict their use in systems with very low metabolic rates 45 . Reactiontransport model ling of metabolic substrates or products can extend detectability to extremely low rates [46] [47] [48] . In systems with slow water flow -for example, terrestrial subsurface aquifers or midoceanic ridges -rates of metabolism can be estimated from the change in water chemistry in downstream boreholes divided by the flow velocity between the holes [49] [50] [51] . However, uncertainties in flow direction and velocity limit the accuracy of such esti mates. Below, we focus on sedimentary environments where the restriction of mass transport predominantly to molecular diffusion allows for accurate modelling of substrate and product turnover.
The quantification of total microbial cell numbers in subsurface sediments is generally done by direct micro scopy after fluorescent DNA staining 52, 53 . At very low numbers, <10 5 cells cm −3 , cells must first be extracted from the sediment before microscopic counting 54 . Cell numbers generally drop according to a power law from around 10 9 cells cm −3 near the sediment surface to 10 6 cells cm −3 hundreds of metres below 1, 55 . Subsurface chemical interfaces, such as the zone where energyrich methane from below diffuses up and meets sulphatecontaining sediment, can have cell numbers 10 2 -10 3 fold above the mean 45 . Sediment environments with extremely low organic influx have cell numbers that can fall 10 2 -10 3 fold below the mean 56, 57 . The practical detection limit set by counting statistics is currently around 10 3 cells cm 
Bioturbated sediment
The uppermost part of the seabed that is physically reworked by animals.
Quantification of phylogenetically or physiologically defined groups of microorganisms is done by fluores cence in situ hybridization (FISH) or catalysed reporter deposition FISH (CARDFISH) targeting ribosomal RNA, or by quantitative PCR (qPCR) targeting the 16S ribosomal RNA gene or genes that are diagnostic of distinct types of energy metabolism 58 (such as the dsrA gene, which encodes dissimilatory sulphite reductase, a metabolic enzyme found in sulphate reducing bacteria 59 ). Such methods require previous knowledge of the sequence diversity in the targeted microorganisms and can be limited by insufficient specificity or coverage of the hybridization probes or primers used 60 . Sediment communities of bacteria and archaea can also be quanti fied from their intact polar membrane lipids 61 , assuming that these lipids originate from viable cells. However, archaeal lipids in particular can persist in the sediment after the death of the organ isms, so a proportion of the extracted intact polar lipids can be of fossil nature 62, 63 . D'Hondt et al. 64 , and the estimated mean cell turnover would be 3,000 years. It should be noted that this approach combines depth intervals of very different metabolic rates and very different cell numbers into one mean value, which will therefore be skewed relative to the cellspecific activity at any specific depth.
Lomstein et al. 65 used a very different approach to calculate microbial turnover. Their approach is based on the builtin molecular clock in organic material in the form of amino acids that very slowly undergo spontane ous racemization to the alternative stereoisomeric form: that is, lamino acids to the d form and vice versa 66 . By analysing the ratio between the l and d forms of aspar tate in the pool of total hydrolysable amino acids, the authors could show that the bulk of subsurface amino acids in >10 6 yearold sediment were produced in situ by nowdead bacteria (necromass). A simple steadystate model (FIG. 2) was developed to calculate the turnover time of this bacterial necromass and thus the ~100fold faster turnover of the ~100fold smaller amino acid pool in living bacteria. The estimated turnover time of the total microbial biomass in deep subsurface sediment was 200-2,000 years, similar to the results obtained by Biddle et al. 67 at the same site.
Cell-specific metabolic rates. Relatively few studies have simultaneously quantified both respiration rates and cell numbers in deep marine sediments. Here, we examine two such studies that reflect very different environments, processes, timescales and methods for quantifying meta bolic rates. Despite these differences, the cellspecific metabolic rates converge to similar values with increasing depth and age in the sediment. Sulphate reduction rates have been measured experi mentally, and sulphatereducing microorganisms have been quantified in marine sediments from the high Arctic, the Baltic Sea and the Black Sea [68] [69] [70] [71] [72] [73] . In the upper most bioturbated sediment, the mean cellspecific rate of sulphate reduction was around 0.1 fmol SO 4 2− cell
Box 2 | Deep biosphere sampling
The retrieval of uncontaminated sample material is a great challenge for research on the energy-deprived subsurface biosphere. Samples from deep sub-seafloor sediments are obtained during expeditions with one of the scientific drill-ships JOIDES Resolution or Chikyu, which are organized in international cooperation through the Integrated Ocean Drilling Program (IODP; or its earlier phase, the ODP). The consistent recovery and enumeration of cells in such carefully cored sediments is now accompanied by rigorous contamination controls 55, 126, 127 : a dissolved perfluorocarbon tracer is introduced into the seawater that is pumped down into the drill hole to flush out suspended sediment and/or bacterial-size fluorescent beads are smeared around the cored sediment to check for possible penetration of micro-particles into the microbiology samples. Only non-contaminated sediment is used for microbiology research.
Scientific drilling is not exactly a sterile operation. However, sediment cores with an uncontaminated interior can now be brought rapidly on deck in transparent plastic liners and sectioned by scientists for microbiological and biogeochemical research Drilling of deep ocean crust along the mid-oceanic ridges or of subsurface sediment in tectonically active regions with flow of pore fluid poses very different demands on sampling techniques. This is also the case for most land-based drilling 128, 129 . It is difficult to determine the in situ cell-specific metabolic rates in such systems, which have therefore not been included in this Review. 
Amino acid racemization
Conversion of one stereoisomer of an amino acid to another stereoisomer that is a mirror image of the former.
in all three sediments (FIG. 3) . In Aarhus Bay in the Baltic Sea, sulphate reduction rates per sediment volume dropped by nearly five orders of magnitude between 10 cm and 300 cm subsurface, where the sediment age was 5,000 years 69 , whereas the total number of sulphate reducing microorganisms dropped by only two orders of magnitude 70 . Thus, the mean cellspecific rate of sulphate reduction dropped by nearly three orders of magnitude, from 10 Oxygen respiration rates were determined by reac tiontransport modelling of the O 2 distribution in a 30 m deep sediment core taken in the highly oligotrophic North Pacific Gyre 16 . Oxygen decreased from 150 μM at the sediment surface to 40 μM at 30 m subsurface, where the sediment age was 86 million years. The mod elled rate of oxygen consumption was only 1 μM O 2 per 1,000 years at 30 m, and the turnover time of oxygen at that depth was thus 40,000 years. The total number of cells, which were presumably all aerobes in the fully oxic sediment, was . This is close to the cellspecific oxygen uptake rates that have been estimated for subsurface South Pacific sediments 56 and is also similar to the mean cellular rate of sulphate reduction calculated above for subsurface Aarhus Bay sediment, in spite of a 1,000fold difference in sediment age. It should be noted that the energy yield of aerobic respiration is higher than that of anaerobic respiration, so that the cellspecific energy flux (power) for the North Pacific Gyre community of aerobes is correspondingly higher than that for the Aarhus Bay sulphate reducers. However, a higher basal power requirement for the aerobes would be consistent with the greater cost of biosynthesis 75 , and potentially increased rates of oxidative damage, under aerobic conditions. These two examples raise the important question of whether the mean cellspecific rates of microbial respiration in different subsurface environments con verge towards a general minimum level, the basal power requirement as defined above. In the following section we use data for dissimilatory sulphate reduction and marine sediments to address this question.
The range of metabolic rates. The cell carbon turnover rates for sulphatereducing microorganisms from pure cultures and surficial or deep marine sediments are com pared in FIG. 4 for temperatures ranging from −5 °C to +20 °C. Pure cultures of sulphatereducing bacteria have doubling times that vary from less than 1 day to several weeks [76] [77] [78] [79] . In the most active surface layers of marine sediment, where fresh deposition of organic matter, bur rowing activity of benthic invertebrates and grazing on the bacterial communities stimulate active microbial growth, the calculated mean doubling times are around 1 year [68] [69] [70] [71] [72] [73] . This shows that the growth rate in even very active natural communities is 100fold lower than it is in laboratory cultures. Extremely slow growth is thus not such a unique property of the deep biosphere, although it is a defining characteristic of life in that realm. Rather, it appears to be widespread among natural communi ties and might be one of the reasons for the difficulty in isolating organisms into laboratory culture. In deep subseafloor sediments, the calculations based on cell specific sulphate reduction rates or the d:l amino acid racemization model independently yield mean turnover times of cell biomass of a few hundred to a few thou sand years: that is, 100-1,000 times slower than in sur face sediments 42, [65] [66] [67] [68] [69] (FIG. 4) . In comparing these values, it should be borne in mind that the calculations of cell specific rates are based on several assumptions that have not been well tested. These calculations assume that 10% of all cells in the sulphate zone are sulphate reducers. If the percentage is lower, then the cellspecific rates of sulphate reduction are higher. The calculation also assumes growth yields comparable to slowgrowing laboratory cultures. If the growth yields in natural popu lations are lower, the carbon turnover times would be correspondingly longer. However the d:l amino acid racemization model yields an independent estimate of cell turnover in Peru margin sediments that is consist ent with growth yields observed for slowgrowing pure cultures 65 . Although this observation needs further test ing, it indicates that the growth yield might not approach zero when cell turnover becomes extremely slow in these subsurface communities. This is in contrast to observed trends in pure cultures under starvation conditions and shows the need for caution when extrapolating to natural communities thriving under low energy flux.
Calculations similar to those in FIG. 4 have been made for several other metabolic processes and environ ments 49, 56, 64, 67, 80, 81 and were reviewed by Price and Sowers
82
. Such published data show both higher and lower values than those in FIG. 4 , and scatter over many orders of magnitude. A review of the individual data, however, indicates that much of this scatter is due to the different approaches used or the different situations analysed. For example, calculations based on quantifying cultivable cells (viable counts) underestimate true cell numbers and yield cellspecific rates that tend to be several orders of magnitude too high 73 . In other cases, it appears that com munities were not in a viable steady state and that only marginal enzymatic activity survived. For example, an estimated cell turnover time of 100 million years for N 2 O producing bacteria deep down in an Antarctic ice core at −40 °C was clearly theoretical, as the age of the ice was only 140,000 years 82 . We have therefore been conserva tive in the choice of data and have focused specifically on marine sediments. Perhaps for this reason, we find a rela tively narrow lower range of cellspecific rates of metabo lism. The true range for highly energylimited microbial communities is likely to be greater than shown in our examples, but the consistency of cellspecific rates when comparing data for only one type of microbial energy metabolism is striking. Over 1 million years, such random motion will lead to a mean displacement of only 6 metres (diffusion time, t = π L 2 / 4D s , in which L is the mean displacement and D s is the effective diffusion coefficient of cells). For imper meable, nonadvective sediments, the lack of flagellar propulsion thus appears to provide a strong barrier to genetic exchange with the surface world by whole cells.
Dormancy or alternative energy sources.
The above esti mates of mean rates of carbon turnover tacitly assume that the entire microbial community is active. Yet, hypo thetically, only a fraction of the cells might be active at any time while the rest are in a dormant state 85 . The most durable dormancy known is endospore forma tion in bacteria. Recent quantification of endospores in deep, millionyearold sediments 65 has shown that spores can be as abundant as vegetative cells but that the fraction of spores does not systematically increase with depth into the oldest and most energydeprived sediment. In environments that change over time, dor mancy and, in particular, spore formation represent a bethedging strategy that can be used during periods of environmental stress 85 . Dormancy increases the chance that a fraction of the population will survive inclement periods. However, in environments that are extremely stable over millions of years and in which the available energy flux decreases slowly and steadily with time, dormancy would arguably be a dead end. The transition between dormancy and the active, vegetative state has an energetic cost, and sporeforming microorganisms could therefore be at a disadvantage owing to the extra energy demand for germination and repair of accumulated damage to key macromolecules such as DNA. In micro bial communities locked into permafrost soils for hun dreds of thousands of years, longterm survival appears to select against spore formers 86 . Thus, although bacte rial spores are often as abundant as vegetative cells in the deep biosphere 65 their potential role for the mainte nance of the microbial communities under permanent low energy flux is unclear.
There are several lines of evidence suggesting that, apart from bacterial endospores, the deep biosphere is inhabited primarily by viable and active cells 87 . Quantification of subsurface cells with FISH, CARD FISH or qPCR has characterized a large fraction of the total cell numbers and shown that the cells have 69, 70 . Blue symbols: Black Sea sulphidic zone at 1,000 m water depth, qPCR of dsrA genes 68, 71 . Nature Reviews | Microbiology sufficiently intact RNA and DNA to hybridize with probes and primers 67, 80, 88 . Experiments with the addition of sta ble isotopelabelled substrates to subsurface sediment and probing of many individual cells after monthlong incuba tion indicate that a large fraction of the cells are induced to actively assimilate substrate 89 . Analysis with a nanoscale secondary ion mass spectrometer (nanoSIMS) provided estimated assimilation rates on the order of 0.01 fmol cell . Such obser vations are consistent with a deep biosphere inhabited by cells that are not dormant or dead but that instead subsist in a viable state with extremely low metabolic rate.
The existence of cryptic (heretofore uncharacter ized) energy sources might present an alternative to the extremely low rates of cellular metabolism calculated here. The neglect of such sources in our calculations would lead to an underestimation of the mean cell specific energy flux and thus of the basal power require ment of bacteria and archaea. However, the inorganic and organic geochemistry has been carefully explored in several of the sediment sites in which the deep bio sphere was studied 56, 61, 90, 91 . In those lowenergy sedi ments, the organic material originally deposited on the sea floor and buried to great depth over millions of years appears to be the main source of carbon and energy for the deep biosphere. However, there could be alternative types of energy metabolism or rock-fluid-microorgan ism interactions that were previously unknown. As an example, sulphate reduction coupled to ammonium oxidation has been proposed as a thermodynamically feasible pathway that has a Gibbs free energy of reaction of -10 to -20 kJ mol −1 SO 4 2− in subseafloor sediments 92 . Another example is the highenergy radiation from natural radioisotopes (such as 40 K, 232 Th and 238 U) bur ied with the sediment, which produces H 2 and oxygen radicals by the radiolytic cleavage of water molecules 93 . A theoretical calculation of the potential for this mode of H 2 formation shows that it could become an impor tant contributor to energy flux in oceanic regions where organicfuelled respiration rates are exceedingly low 94 . Controls on metabolic rates. In deep sediment cores, cell counts indicate that the community size remains essentially constant over depth intervals correspond ing to thousands to millions of years, at a level where the available energy flux presumably just covers the basal power requirement for longterm survival of the cells. Under such extremely stable conditions, what is the mean age of the cells? Ageing has been suggested to take place in bacterial populations as a result of the gradual accumulation of nongenetic damage, such as proteins that become oxidized and lose function. If there is an asymmetrical transfer of old and new cell material during binary fission, such ageing can lead to a differentiation of daughter cells with different fitness 95 . However, there is no inherent ageing process known for individual bacterial and archaeal cells that would limit their potential age. Cells could theoretically have nearzero growth over thousands of years and simply turn over cell components in a highly efficient manner. Spontaneous racemization of amino acids and depurination of nucleic acids impose a lower bound on the neces sary rates of molecular repair or resynthesis. Relative to these limits, the deep biosphere turnover rate of cell carbon at 0-15 °C, 10 (FIG. 4) , is tenfold faster than that required to offset racemization of amino acids (aspartate), 10 −7 -10 −6 d −1 (REFS 65, 66) , and perhaps even 1,000fold faster than that required to offset DNA depu rination 82 . The turnover of biomass above and beyond these minimum required rates might reflect growth but, given the apparent steady state in population size with depth, the rate of such growth at steady state cannot exceed the rate of mortality. From the data on cell carbon turnover per day we calculated the corresponding turnover time (right scale). For the pure cultures this corresponds to the actual generation times. For the deep sediment bacteria we assume that the carbon turnover leads to growth and cell division, although this is not directly implied. The red line indicates the racemization rate constant for aspartate 100 . The graph compares pure cultures (red circles), active surface sediments (green circles) and deep subsurface sediments (other symbols). Pure culture data are based on published growth rate constants. Carbon assimilation rates in sediment communities are based on an estimated growth yield of 2 g cell carbon per mol substrate (acetate) consumed and a mean biomass of 65 fg C cell -1 (REF. 65 ). Carbon turnover rates in subsurface sediments were also determined by the d:l amino acid racemization model (dark blue triangles), which directly estimates cellular carbon turnover. Data were compiled and recalculated from: REFS 76-79 (red circles); 130 98, 99 . Middelboe et al. 99 suggested that most of these viruses are inactive but persistent and are somehow protected and only slowly decaying. However, by cultivating deep sediment bacteria, Engelhardt et al. 98 found that most strains harboured inducible prophages, which demonstrates the presence of functional viruses. Virusinduced mortality in the deep biosphere remains unexplored.
Are there low-energy specialists?
The persistent march of evolution allows us to think of every ecological niche as being occupied by organ isms that are finely adapted to its specific conditions. Certainly, there must be physiological attributes that leave some organisms better suited than others to sur vive with low energy flux. But is it possible to adapt and evolve specifically with starvation as a selection pres sure? The GASP phenotype that consistently arises in extended stationary phase cultures 9,10 is tempting as an example of exactly such behaviour. But it is worth recall ing that the 'G' in GASP stands for growth and that these systems are characterized by dynamic overturn in the population and its genetic material 10, 15 . There is there fore potential to acquire and transmit, at considerable rates, genetic mutations that confer the advantage in extended stationary phase [12] [13] [14] . For genetic adaptations to arise that are specific to the selection pressure of low energy flux is problematic for two reasons. First, slow rates of biomass turnover provide minimal basis for the introduction and propagation of beneficial mutations, and only if that turnover represents whole cells rather than molecules within cells. Second, the lowenergy environments studied thus far could largely be consid ered 'dead ends' that seemingly provide no mechanism by which a population of survivors can once again see conditions favourable to growth. For natural selec tion based on energy starvation to be realistic would require circumstances that mitigate both of these chal lenges. One alternative is that traits acquired in adapt ing to other settings, or random mutations incurred during the initial colonization of ultimately low energy environ ments, fortuitously confer enhanced capability to survive starvation.
Traits for coping with low energy flux? Biosynthetic rate and cost. Biosynthesis is energetically expensive. Stouthammer's calculations suggest that polymerization reactions are particularly costly and that by virtue of the large protein component in cells, protein synthesis constitutes the largest single cost 21, 23 . Although attrition (and, presumably, repair or replace ment) of biomolecules at low rates is unavoidable 100, 101 , organisms that minimize the rate of biosynthesis above and beyond this basal minimum will significantly decrease their energy requirements. The rate of overturn (death/regrowth) of whole cells, versus repair or replace ment of molecules within cells, is a firstorder control on 'excess' biosynthetic cost. Metabolic regulation, with continual synthesis and breakdown of proteins, will be similarly expensive -and essentially superfluous in environments where conditions change little over long durations. Simple and relatively unregulated metabo lisms might be the most efficient. Beyond the biosyn thetic rate, the cost of synthesis might conceivably also vary, and would certainly matter. A rigorous thermo dynamic analysis shows that the theoretical minimum biosynthetic cost of whole cells is nearly 13fold lower in reducing versus oxic environments 75 . For this difference to be realized would require alternative (less energy intensive) biosynthetic pathways, such as the reductive acetyl CoA pathway rather than the RuBisCO pathway for CO 2 assimilation 102 . This might not be feasible in all cases (recognizing in particular that part of the energetic cost of polymerization is to ensure sequence fidelity), but it does suggest an avenue by which maintenance costs might be lowered.
Energy conservation. Thermodynamics dictate that the process of energy capture and storage must involve some loss of the energy of catabolism to heat 103, 104 , but the degree of such a loss can depend significantly on bio chemical specifics. It is also known that transmembrane ion gradients -the intermediate mode of energy stor age on the path to ATP synthesis 105 -leak over time 106 , resulting in loss of hardwon catabolic energy capture. Because the membrane must remain charged at a mini mum potential in order to support ATP synthesis, a cer tain rate of energy loss is unavoidable. This loss could in principle place a hard lower limit on the energy flux needed for survival that could, depending on the leakage rate, significantly exceed the energy required to support a cell's cohort of biomolecules against degradation. The loss could be minimized either by the use of membranes that are less permeable to ion leakage or by the utilization of different ions in chemiosmotic energy transduction 106, 107 . For example, sodium ions, which are widely used by both bacteria and archaea, have transmembrane diffusion rates 10 2 to 10 3 fold lower than protons 106 , and some archaea have been shown to have a very energyefficient mixed H + /Na + driven ATP synthase 108 .
Are archaea better suited for starvation than bacteria? As most subsurface microorganisms have no cultivated relatives, it is difficult to infer a shift in physio logical characteristics from a shift in predominant phylo types 109, 110 . Most notable is a relative increase in the abundance of archaea relative to bacteria. Early reports provided divergent evidence for their relative abun dance, ranging from insignificance to total dominance of the archaea 61, 67, 88 . More recent reports provide a more balanced picture, but the overall trend is towards a rela tively higher frequency of archaea in the energystarved subsurface than in surface environments 111 . This trend is observed both in sediments with sulphate reduction and with methanogenesis as the terminal mineralization process, and indicates that archaea occupy a broad range of metabolic functions that are generally ascribed to the bacteria in nonextreme environments 61, 112, 113 . Archaea have mostly been known to dominate over bacteria in environments of chronic energy stress, such as high temperature, high salinity and low pH 114 . The rationale for their abundance under low energy flux is not clear, but it could be related to distinct cell properties such as the permeability of the cell membrane. Although microorganisms have a certain ability to control the flu idity and permeability of their cytoplasmic membrane, the molecular lipid composition of the archaeal mem brane means that archaeal cells have much lower perme ability to ions, and thereby lower energy loss from the charged membrane, than bacterial cells 107, 115 . The archaea could thereby be able to maintain energy transduction at lower energy flux than the bacteria through proton or sodium pumping. Interestingly, deepsea archaea might also save energy by recycling membrane lipids between growing cells and the surrounding sediment 116 .
Outlook: important areas for future research Progress in field, laboratory and theoretical studies will all serve to advance our understanding of life at low energy flux. Deep subsurface ecosystems reflect the results of experiments performed by nature over timescales that are completely inaccessible in the laboratory. Our ability to read and interpret these results depends on accessing such environments using advanced coring technology and appropriate contamination controls, and perhaps also on identifying more easily accessible shallow subsur face environments in which microbial communities have higher densities but might exhibit similar characteristics. Example cases in which shallow coastal sediments reflect significant energy limitation within a few metres of the surface 68, 117 suggest that many such environments could be suitable for this focus. For studies in these environ ments, improvements are needed in the methods used to distinguish active and inactive cells, to determine cell size and growth yield, to measure process rates at very low levels and to characterize the nature of carbon turnover (whether of whole cells or molecules therein).
In the laboratory, efforts should be made to bring into culture those organisms that dominate lowenergy settings but have no close relatives available in pure cul ture 118, 119 . Inherently slow growth, should it be a charac teristic of natural populations, will limit this possibility using traditional methods, but singlecell and micro analytical techniques could overcome some of these limitations. Changes to traditional culture methods that focus on sustaining organisms under low energy flux or extremely slow growth will also be important, and retento stat and microfluidic chemostat approaches represent a step in the right direction.
'Omic' approaches could help to bridge the current gap between the laboratory and the field. Comparative metagenomics can help to identify characteristic differ ences between surface and subsurface populations, and potentially link these differences to metabolic or physio logical capabilities. Singlecell genomics holds similar promise for understanding the metabolic potential of organisms that dominate the deep biosphere but resist efforts at culturing 120 . Application of transcriptomic and proteomic techniques might help to reveal whether cells can actively regulate a transition into physiological states that are suited for low energy flux. Finally, theoretical studies, supported by experimental data, are needed to understand the minimum energy and nutrient require ments for longterm sustainability of bacterial and archaeal cells over hundreds to thousands of years.
Far from being the specific province of deep sedimen tary systems, low energy flux is probably characteristic of broadranging environments, including the volumetri cally vast potential habitat represented by terrestrial and oceanic crust, as well as in subsurface environments beyond Earth. Progress in characterizing life's basal energy requirements and their dependence on the physico chemical environment, and in identifying the adaptations and attributes that suit organisms to life under low energy flux, is crucial for understanding the biological potential of these largely uncharacterized environments.
